wants to understand differences in substrate specificity through the study of structural differences in a family New York, New York 10029 of enzymes, one would use structures for all members of the family. Similarly, if properties of proteins from thermophiles and mesophiles are being compared to Summary identify the structural basis of thermal adaptation, one would like to compare structures of as many pairs as Added-value is the additional information that a model possible of orthologs from mesophiles and thermophiles carries with respect to the template structure used for (Chakravarty and Varadarajan, 2002). Unfortunately, bemodel building. Thousands of single-template models, cause the number of known protein sequences is an corresponding to proteins of known structure, were order of magnitude larger than the number of known analyzed. The accuracy of structure-derived properprotein structures, in most cases complete sets of exties, such as residue accessibility, surface area, elecperimental structures are not available to answer such trostatic potential, and others, was determined as a questions. In such a situation using protein structure function of template:target sequence identity by comprediction is necessary to obtain the kind of structureparing the models with their corresponding experiderived information described above. mental structures. Added-value was determined by Many approaches to protein structure prediction comparing the accuracy in models with that from tem- 
Figure 1. Definition of Added-Value
The accuracy of a model is defined by how close it is to its target. This is measured by comparing the model and target structures (model:target similarity). The template used to build the model also shows some level of similarity with respect to the target (template:target similarity, dotted line). The added-value of a model indicates how much closer it is to the target when compared to the template. This is calculated by subtracting the template:target similarity from the model accuracy. As expected, a trend of increasing accuracy with higher template:target sequence identity is observed. There is Results and Discussion a sharp decrease in the accuracy below 35% sequence identity, as previously reported (Eyrich et al., 2001; SanThe added-value for the following structure-derived propchez and Sali, 1998). There is no difference between the erties (SDPs) was analyzed in single-template models:
accuracy of SEQ models and their templates, indicating (i) overall accuracy, (ii) exposure state of residues, (iii) that there is no added-value when measuring the accuneighborhood of residues, (iv) accessible surface area, racy of the models by the percentage of equivalent C␣ (v) identification of surface pockets, (vi) composition of atoms. The same result, lack of added-value, is obsurface pockets, and (vii) electrostatic potential. When served in Figure 2B when models built using structuremeasuring the accuracy of a property in a model, the based alignments (STR models, open circles) are comvalue of the property derived from the model is compared with their templates (open triangles). When all pared with the value obtained from its corresponding heavy atoms are included in the calculation of percentexperimental structure (target). The template:target difage equivalent atoms ( Figures 2C-2E ), there is a range ference is determined by comparing the value of the of template:target sequence identities for which addedproperty derived from the template with the value obvalue is observed. This is explained by the fact that the tained from target (see Experimental Procedures). The model has the same sequence as the target. At high added-value of the models is determined by comparing template:target sequence identity there is little sethe accuracy of the models with the template:target quence difference between the template and the model, difference (Figure 1) . Thus, added-value always has the and since unrefined models follow their templates closely, same units as the accuracy. The comparison of models it is not possible for the model to provide new informabased on template:target pairwise sequence alignments tion. As the template:target sequence identity de-(SEQ models) and structure-based alignments (STR creases, the template contains less heavy atoms that models) provides an indication of the effect of alignment are identical with the target's atoms. The same is not errors on added-value. Models built using the structuretrue for the model, resulting in more equivalent heavy based alignments represent the accuracies (overall or atoms in the model than the template. As the template: SDP based) of a model in the absence of alignment target sequence identity decreases even more (Ͻ30%), errors. The accuracy and added-value of SDPs is shown the added-value decreases again ( Figure 2E ). Because as a function of sequence identity of the template:target there is virtually no difference between the added-value alignment as it is the most commonly referred variable of models built using sequence-based (SEQ) and strucin CM (Marti-Renom et al., 2000). Although models of ture-based (STR) alignments, alignment errors can not three size classes were constructed and analyzed (see be the reason for the decrease in added-value. Thus Experimental Procedures), only the results for medium the decrease in added-value must be due to the larger sized proteins (8208 models) are shown here as they structural differences between template and target beare the most representative and generally do not show low 30% sequence identity. At this level of sequence large differences with the models in the other two similarity the packing of residues changes significantly classes. and the template is not such a good representation of the target's backbone anymore (Chung and Subbiah, Overall Accuracy 1996). Overall accuracy is measured by the percentage of equivalent atoms within 3.5 Å of each other in the optimal superposition of the model and the target experimental Residue Exposure State Exposure state of a residue, i.e., if a residue is exposed, structure. This is a simple and common evaluation that has been performed systematically for comparative intermediate, or buried, is decided based on its solvent protein structures are frequently used to determine which residues are exposed to the solvent and that information is used in applications such as site-directed their templates, the behavior for exposed and buried mutagenesis, subcellular localization prediction, and residues is different. While exposed residues show protein design. The prediction accuracy of exposure added-value, particularly below 50% sequence identity state, which represents the probability that a residue ( Figures 3C and 3E ), for buried residues the added value that is exposed (or buried) in the model is also exposed is almost the same as in SEQ models (Figures 3D and (or buried) in the experimental target structure, in-3F). Exposed residues of STR models show a clear trend creases with template:target sequence identity (Figures of increasing added-value with decreasing template:tar-3A-3D). Exposure state predicted from models built get sequence identity ( Figure 3E ). on sequence-based alignments (SEQ models) is only slightly more accurate than the exposure state calculated using the templates, both for exposed and buried
Residue Neighborhood Information about neighborhood of a particular residue residues ( Figures 3A and 3B) . When comparing models built on structure-based alignments (STR models) with is obtained from the contacts it makes with its neigh- creases with decreasing template:target sequence identity for SEQ and STR models ( Figure 4E ). A possible explanation for the added-value observed for exposed residues is that the identification of neighbors depends on the actual side chain, particularly its size. Because the model and its corresponding experimental structure have identical residues at every position, there would not be an effect of residue size, which is not the case with the templates. For example, a pair of neighboring bulky residues in the target structure may correspond (Figure 6C) .
Composition of Surface Pockets
Since the residues of models are identical to those of their corresponding experimental structures, the physicochemical properties of a pocket in a model should be very close to those of the experimental target structure, but those of a template would be different due to dissimilarity between residue types. This feature is qualitatively highlighted by looking at the correlation coefficient be- We calculated the accuracy of the electrostatic potential One-third of the pockets were large, with ten or more boundary residues; the remaining two-thirds had fewer by comparing the three-dimensional grid resulting from the EP calculation of models and templates with the than ten boundary residues. We looked at large pockets because the largest pocket in a protein is most often the grid obtained from the experimental target structure (see Experimental Procedures). The EP similarity is meabiological active site (Liang et al., 1998) The added-value of models is not the same for differvalue of SEQ and STR models. As the template:target sequence identity decreases, the added-value inent structure-derived properties (SDPs). For SDPs that depend mostly on position of residues, such as expocreases; this is a continuous trend for models built on structure-based alignments (STR). For models built on sure state and neighborhood of buried residues, and number of surface pockets, models do not provide sequence-based alignments (SEQ) the added-value peaks at around 30% sequence identity and then starts added-value with respect to the template. At least that is the case for the simple set of models used here. For to fall off ( Figure 8B ). This indicates that alignment errors affect the accuracy and added-value of the EP potential other SDPs, such as exposure state and neighborhood of exposed residues, and total ASA of low sequence at low (Ͻ 30%) template:target sequence identity. The large added-value observed for EP is similar to the obidentity models, models show some added-value. Finally, for properties that strongly depend on the physiservation made for the composition of surface pockets in the previous section. The source of the added-value cochemical characteristics of the amino acids in the sequence, such as composition of pockets and electrois the same in both cases, namely the combination of the geometry provided by the template with the correct static potential, models show large added-value. The lack of added-value for the first set of SDPs is not surtarget sequence. In this case the sequence provides the correct charges for the calculation of the electrostatic prising, since in the absence of model refinement or multiple templates it is not possible for comparative potential.
modeling to deviate much from the template structure (Marti-Renom et al., 2000; Sanchez and Sali, 1998). Thus, Conclusions the template geometry remains largely unchanged in In the absence of refinement (e.g., loop modeling) and the model. multiple templates, the differences in accuracy between
The origin of added-value in models appears to have comparative modeling approaches is very small (Tratwo sources. Some properties depend not only on the montano and Morea, 2003). As such, this study is repreposition of residues but also on the size of the residues sentative of all comparative modeling methods in spite (e.g., exposure state and neighborhood of exposed resiof using a single program (MODELLER) to construct dues); because the model contains the same residues the set of models. This study represents a baseline of as the target it adds information on top of the positions added-value for comparative models against which provided by the template. Other properties depend more more elaborate modeling procedures can be compared.
on the physicochemical characteristics of the side It is also representative of the types of models produced by large-scale fully automated methods which usually chains (e.g., composition of pockets and electrostatic Anecdotal evidence indicates that this is the case (Sanphysicochemical properties to go along with the positions provided by the template. As template:target sechez and Sali, 1997), but no systematic study has been performed. This study is under way and preliminary data quence similarity decreases, the template provides less information about the size and physicochemical properindicates that there is at least a small improvement when using multiple templates. Refinement of models, in the ties of the residues in the target, explaining why addedvalue increases with decreasing template:target seform of loop modeling (Fiser et al., 2000) , should also provide an improvement over the simple models prequence identity. This illustrates the difference between accuracy and added-value. While the accuracy of all sented here. How much loop modeling affects the accuracy and added-value of different SDPs is not clear and SDPs decreases with lower template:target sequence identity, their added-value generally increases, making is a question that will be addressed elsewhere as the computational cost of proper loop modeling is orders the models relatively more informative in spite of their lower accuracy. This underlines the importance of imof magnitude larger than that of building the models used here. Because most loop modeling cases correproving the accuracy of models based on low (Ͻ30%) sequence identity templates, because it is where the spond to solvent-exposed insertions, it is expected that it will have an impact on properties related to the protein most new information is generated. This overlaps with the fact that most real modeling cases fall in the 20%-surface (exposure state, ASA). This study shows that comparative models provide 30% identity range (Sanchez et al., 2000; Sanchez and Sali, 1998).
added-value by combining the "right sequence" with the "right template." With the exception of the detection The accuracy and added-value of single-template models such as the ones used here can be improved of pockets, even in the worst cases the models are at least as good as the templates, and for most properties by using multiple templates, which allows comparative modeling to select the best parts from different structhey show some level of added-value. The more a given property depends on the sequence must be identified. This equivalence is defined by the template:tarof the protein the more useful a model will be in estimatget alignment; if two residues are aligned, they are considered equiving the value of that property.
alent. The exposure state for the equivalent template residue is then calculated using the template structure, and the resulting value is Experimental Procedures assigned to the equivalent residue in the target. The template:target alignment was used to define the equivalences that allow the assignData Set ment of template residue measurements to the target residues in Chains of X-ray structures with resolution better than 2.5 Å were the following properties: overall accuracy, residue exposure state, selected from the Protein Data Bank (PDB) (Berman et al., 2002) . A residue neighborhood, pocket detection, and pocket composition. representative set of these chains was selected by doing an allFor the remaining properties (accessible surface area and electroagainst-all comparison of their sequences using BLAST (Altschul et static potential), the template structures alone are used to compute al., 1997) and clustering into groups that had alignments with Ͼ95%
the property values. The added-value of the models is determined sequence identity to each other and that covered at least 85% of by comparing the accuracy of the models with the template:target the chain sequence. The highest resolution member of each group similarity (Figure 1) . The added-value always has the same units as was retained. The representative chains were structurally aligned the model accuracy. For residue-based properties, such as expowith each other using CE (Shindyalov and Bourne, 1998). Only alignsure state, the template:target similarity depends on the temments with a CE Z-score higher than 4.5 and covering at least 85% plate:target alignment (see above). In these cases the added-value of one of the chains were retained for model building. The aligned for a model is calculated using the same template:target alignment segments were accepted as having the same fold. The aligned sethat was used to build the model (i.e., SEQ or STR alignment). quences were then sorted based on size into three nonoverlapping groups: small (50-100 residues), medium (150-200 residues), and
Overall Accuracy large (Ն250 residues). The alignments were classified into 18 groups Overall accuracy was computed by determining the percentage of based on sequence identity ranging from 10% to 100% with a bin equivalent atoms between the model (or template) structure and size of 5%. The number of alignments for groups with lower sethe target structure. Equivalent atoms are defined as those atoms quence identity outnumbered those of groups with higher sequence that are within 3. probe is the ratio of the ASA of X in the folded state of the protein to of models based on "poor" alignments were generated by realigning that of Gly-X-Gly tripeptide. Residues with solvent accessibility Ն0.4 the sequences of the CE alignment using the ALIGN command of (Holbrook et al., 1990) are considered exposed, and residues with MODELLER; these are called SEQ models. This resulted in alignsolvent accessibility Ͻ 0.05 are considered buried. The remaining ments based exclusively on sequence information, as opposed to residues are considered to have an intermediate level of exposure. the structure-based alignments generated by CE. Models were conFor a model with Nm_E exposed residues, the accuracy of prediction structed using the default "model" routine in MODELLER. All alignof exposed state is defined as ments contained a single template and no loop modeling was performed. A total of 25,464 models were calculated; half of them based Nm_E ʝ Ne_E Nm_E , on SEQ alignments and the other half based on STR alignments.
where Nm_E and Ne_E are the set of exposed residues in the model Model Accuracy, Template:Target Similarity, and the experimental structure respectively. For some properties (accessible surface area, pocket composition, electrostatic potential) this way of expressing accuracy is not convenient. The accuracy measurement for each of these properties is Pockets Surface pocket analysis was carried out using the PASS software described in their corresponding sections. The template:target similarity is expressed in the same way as the model accuracy. But in (Brady and Stouten, 2000). PASS's utility as a predictive tool for binding site identification has been tested by predicting known bindthis case {M} corresponds to all cases predicted using the template structure. This is done by combining the use of the template strucing sites of proteins in the PDB using both complexed macromole- 
